Background: Regulatory ϩ1 frameshifting in antizyme mRNA is central for polyamine level homeostasis. Results: A nascent peptide stimulator of ϩ1 frameshifting operates in Agaricomycete fungal antizyme mRNA. Conclusion: Frameshifting can be stimulated by nascent peptide interactions with the ribosome's peptide exit tunnel in a polyamine-dependent manner. Significance: Specific nascent peptide stimulators may be a more general and unappreciated feature of utilized ribosomal frameshifting.
The protein antizyme is a negative regulator of cellular polyamine concentrations from yeast to mammals. Synthesis of functional antizyme requires programmed ؉1 ribosomal frameshifting at the 3 end of the first of two partially overlapping ORFs. The frameshift is the sensor and effector in an autoregulatory circuit. Except for Saccharomyces cerevisiae antizyme mRNA, the frameshift site alone only supports low levels of frameshifting. The high levels usually observed depend on the presence of cis-acting stimulatory elements located 5 and 3 of the frameshift site. Antizyme genes from different evolutionary branches have evolved different stimulatory elements. Prior and new multiple alignments of fungal antizyme mRNA sequences from the Agaricomycetes class of Basidiomycota show a distinct pattern of conservation 5 of the frameshift site consistent with a function at the amino acid level. As shown here when tested in Schizosaccharomyces pombe and mammalian HEK293T cells, the 5 part of this conserved sequence acts at the nascent peptide level to stimulate the frameshifting, without involving stalling detectable by toe-printing. However, the peptide is only part of the signal. The 3 part of the stimulator functions largely independently and acts at least mostly at the nucleotide level. When polyamine levels were varied, the stimulatory effect was seen to be especially responsive in the endogenous polyamine concentration range, and this effect may be more general. A conserved RNA secondary structure 3 of the frameshift site has weaker stimulatory and polyamine sensitizing effects on frameshifting.
Notwithstanding some early antibiotic studies, shortly after determination of the first structure of the "tube" through which the nascent peptide passes from the internal ribosome site of its synthesis to the ribosome's exterior, the interior of this exit tunnel was thought to behave like "molecular Teflon" and not interact with nascent peptide sequence, thereby allowing unimpeded peptide egress (1) . However, interactions between certain specific amino acid sequences and tunnel components do occur, and evolution has exploited this for diverse and important functions.
These interactions can modulate translation downstream from sequence encoding the interacting segment of the nascent peptide (2) . To what extent such consequences are influenced by ribosome conformational changes associated with the interactions and to what extent by stalling of nascent peptide progression are likely case-specific. Nascent peptides encoded by eukaryotic regulatory upstream open reading frames (uORF) 2 can induce ribosomal stalling at uORF termination codons, thus providing a physical barrier for scanning ribosomes with resultant inhibition of downstream main ORF translation. Some regulatory nascent peptides act in concert with small molecules, such as amino acids or polyamines. A highly conserved uORF within the leader sequence of the polyamine biosynthetic enzyme AdoMetDC mRNA from mammals encodes a peptide with the sequence MAGDIS. This, in response to an increase in polyamines levels, causes the ribosome to stall at the termination codon, with consequent inhibition of translation of the downstream main ORF (3) . A uORF 5Ј of the gene for a fungal arginine biosynthetic enzyme encodes an arginine attenuator peptide (AAP). In response to high arginine concentration, the nascent AAP causes ribosomes to stall at the uORF termination codon, thereby blocking ribosomes from translating the downstream main ORF (4) .
Macrolides promote the expression of bacterial resistance genes by inducing ribosome stalling during synthesis of an upstream-encoded leader peptide (5) . Interestingly, ketolides have been shown to promote Ϫ1 frameshifting in decoding the leader peptide without inducing detectable ribosome stalling (6) .
Here we explore the possibility that a specific nascent peptide sequence acts as a stimulatory signal for ribosomal frameshifting utilized positively for gene expression. The work focuses on antizyme mRNA frameshifting.
The protein antizyme occurs in cells from yeast to mammals. It targets specific proteins for ubiquitin-independent proteosomal-mediated degradation. Its best known interaction is with ornithine decarboxylase that catalyzes synthesis of putrescene, the precursor of the polyamines spermidine and spermine (7) (8) (9) . In addition to inhibiting the synthesis of polyamines, antizyme also inhibits extra cellular uptake of polyamines (10) (Fig. 1A) . Given the importance of the small organic polycations, polyamines, for a wide range of cellular processes (11) (12) (13) , the major consequences of distortions of their level (14 -17) , and probably other roles of antizyme (18) , it is not surprising that antizyme synthesis is itself highly regulated.
The level of antizyme is governed in several ways including sequestration by inhibitory proteins whose own synthesis is polyamine-regulated (19 -21) , as well as by C-Jun effects on polyamine catabolism (22) . Antizyme is encoded by two partially overlapping reading frames, and a programmed ϩ1 ribosomal frameshifting event at the end of the first ORF is required for synthesis of functional antizyme. (Fig. 1) (23) . The frameshifting involved is a crucial sensor and effector of an autoregulatory circuit because elevated polyamines result in the synthesis of more antizyme, which dampens both the synthesis and uptake of polyamines, thereby restoring optimal polyamine levels. Frameshifting efficiency can also be responsive to other conditions. In Saccharomyces cerevisiae, the prion state of the translation termination factor eRF3, which is of evolutionary significance in stress conditions, enhances antizyme frameshifting (24) . Nutritional stress increases antizyme expression in a polyamine-independent manner (25) . Irrespective of this, the degree of the known effect of polyamines on the specific utilized antizyme frameshift event is much greater than the enhanced differential effect that polyamines can have on the synthesis of diverse proteins (26, 27) .
Recoding signals serve to potentiate high levels of frameshifting at the relatively inefficient frameshift site at the end of ORF1 in most antizyme mRNAs. An exception is the budding yeast S. cerevisiae and presumably closely related species, in which the recoding signals serve to reduce, in a polyamine-dependent manner, the inherently very high level of frameshifting at the shift site in budding yeast (28) . Effects of the nascent peptide within the exit tunnel of the ribosome in which it was just synthesized are an important component of the negatively acting recoding signals in S. cerevisiae antizyme frameshifting (28) . However, two contrasting sets of results (28, 29) need reconciliation. Interestingly, studies in S. cerevisiae have shown that the relative concentrations of spermidine and putrescine are important for frameshifting efficiency (30) .
In contrast to the nascent peptide effects in S. cerevisiae, all the experimentally investigated antizyme frameshifting signals from Schizosaccharomyces pombe to humans act at the RNA level (31) . These recoding signals are both 5Ј and 3Ј of the shift site. Different mRNA pseudoknots are strongly represented in the 3Ј signals (23, 32) . As judged by deletion analyses, the 5Ј stimulatory sequence in rats involves 50 nucleotides immediately upstream of the frameshift site. Although all are required for optimal levels of frameshifting, the sequence of the three codons just 5Ј of the ORF1 stop codon have the greatest effect (23) . Comparative sequence analysis has revealed that the 5Ј stimulatory sequence has a modular structure with the different modules evolving independently in the different evolutionary clades. The closest module to the shift site, module A, is the most highly conserved (31) . In contrast to the results from the deletion analysis, single nucleotide substitutions of what is now called module A of mammalian antizyme 1 showed only a modest effect on frameshift efficiency (23) . Without further experimental testing, it was considered possible that it may act via interaction with rRNA of the mRNA exit tunnel, based on the precedent of 5Ј stimulators for other cases of frameshifting being known to act in this manner (33, 34) . Regulatory frameshifting in antizyme mRNA is a central event for maintaining polyamine homeostasis. A, schematic representation of the role of the negative regulator, antizyme, in maintaining polyamine homeostasis. Ornithine decarboxylase (ODC) catalyzes the first and rate-limiting step in the polyamine synthesis. Antizyme disrupts the active ornithine decarboxylase homodimer and targets it for ubiquitin independent degradation by the 26S proteasome. Antizyme also regulates the polyamine membrane transporter by inhibiting polyamine uptake and stimulating polyamine excretion. Antizyme protein synthesis requires translational frameshifting, which is stimulated by free intracellular polyamines. This event completes an autoregulatory circuit. B, C. cinerea antizyme mRNA sequence in the vicinity of the frameshift site.
With the exception of one high level case of incidental bacterial frameshifting (35) , all non-antizyme investigated viral and chromosomal cases of programmed frameshifting involve recoding signals that act at the RNA level. Nevertheless, prior phylogenetic analysis of one case of positively utilized frameshifting where stimulatory signals are required to boost frameshifting efficiency indicated a recoding signal that acts at the nascent peptide level. This analysis was of the antizyme mRNA sequence from the 10 species then known from the Agaricomycotina subphylum of Basidiomycota fungi. One of these species was Coprinopsis cinerea. A highly conserved region of about 40 nucleotides was identified, and its 3Ј boundary is approximately at the 5Ј boundary of module A and so 5Ј of the frameshift site. The pattern of conservation in this region suggested that it functions at the peptide level and not at the nucleotide level (36) .
The putative stimulatory element 3Ј of the frameshift site is a potential RNA secondary structure starting 19 nucleotides downstream of the frameshift site. The structure consists of two directly adjacent stem loops, suggesting that they may co-axially stack on each other (Fig. 2 , B and C). Its position relative to the frameshift site suggests that it would be just outside the ribosome mRNA tunnel during the frameshift event (36) . With the exception of two recently described cases (37, 38) , this is different from the other previously described stimulatory structures that are located closer to the frameshift site and presumed to act from within the mRNA entrance tunnel at the mRNA unwinding site (23) .
Antizyme homologs are present in diverse eukaryotic evolutionary branches, including in animals, fungi, and protists (31, 36, 39, 40) . However, there is no indication that antizyme is present in plants. Fungal antizymes sequences have been identified in six separate phyla: Ascomycota, Basidiomycota, Glomeromycota, Zygomycota, Neocallimastigomycota, and Blastocladiomycota (36) . 3 The Basidiomycota phylum contains three subphyla: Pucciniomycotina, Ustilaginomycotina, and Agaricomycotina. Agaricomycotina includes organisms like the white rot fungi that are the only organisms capable of substantial lignin degradation (41); the Lingzhi mushroom (Ganoderma lucidum) used in the traditional Chinese medicine for more than 2000 years (42) ; tree root pathogens such as the major forest pathogen annosum root rot (Heterobasidion annosum) and Armillaria bulbosa, one of the largest and oldest of all organisms (43); mushrooms; and others. Pucciniomycotina and Ustilaginomycotina contain plant pathogens such as cereal rusts (Puccinia graminis) and corn smut (Ustilago maydis).
Prior work showed that antizyme frameshifting is reproducible in heterologous systems from S. pombe to mammalian cells (44) (although not in S. cerevisiae (45) ). The FS stimulatory pseudoknot present in a subset of invertebrates was confirmed by testing the oyster antizyme mRNA in mammalian cells. Polyamine levels can be manipulated in a refined manner in mammalian cells (46) . The present study examines the frameshift stimulators in a subset of fungal antizymes. Currently there is no homologous system available for testing the fungal antizyme mRNAs being investigated here. Because the polyamine levels cannot readily be manipulated so effectively in the closer related S. pombe, the experiments involving manipulation of the polyamine levels were performed in mammalian cells.
The ancient origin of frameshifting in the antizyme gene and its evolution are reflected in the large diversity of its cis-acting stimulatory elements. Exploration of antizyme sequences from the different branches provides insights to the means by which the evolution preserves the essential traits while it navigates through diverse possibilities.
Experimental Procedures
Sequence Assembly and Analysis-Sequences were obtained and processed as described previously (47) . Alignments were generated using Clustal Omega (48) . Nucleotide and amino acid logos were generated with WebLogo (49) .
Plasmids-Oligonucleotides were synthesized at Integrated DNA Technologies (IDT). Primer sequences are listed in supplemental Table S1 . A synthesized antizyme gene with the sequence from C. cinerea was purchased from Gen Script Corporation, where it was cloned in the vector pUC57 using an EcoRV cloning strategy. This sequence was used as template to generate the WT sequence, which in turn was used as template for generating the other clones. The amplicons were generated by standard one-step or two-step PCR (as indicated in supplemental Table S1 ). All amplicons were digested with BglII and XhoI and cloned into BglII/XhoI-digested vector (50, 51) . The vector pDluc contains Renilla and firefly luciferase genes, separated by a short cloning site. Both luciferases are under the control of an upstream SV40 promoter. The antizyme cassettes were inserted between the two luciferase genes such that the upstream Renilla luciferase is in-frame with ORF1 of antizyme, whereas the downstream firefly luciferase is in-frame with ORF2. All constructs were transformed in Escherichia coli strain DH5-␣ and were verified by sequencing with the primer PD1550. The in-frame (IF) controls were generated by using a template in which the U of the ORF1 UGA stop codon was deleted. The antizyme construct from the alanine scan series wherein the glycine codon at position Ϫ4 was substituted with an alanine codon was compared with the ShortWT IF control instead. For testing antizyme frameshifting in S. pombe, antizyme cassettes were designed using primers that introduced the restriction sites for BstE II and KpnI at the 5Ј and 3Ј end of the amplicon, respectively. Following digestion, the antizyme cassettes were cloned into BstE II/KpnI-digested vector PIU-LAC between GST and lacZ (44) .
Cell Culture and Transfection-Human HEK293T cells were maintained as monolayer cultures, grown in DMEM supplemented with 10% FBS, 1 mM L-glutamine, and antibiotics at 37°C in an atmosphere of 5% CO 2 . For Dual-Luciferase assays, 4 ϫ 10 6 HEK293T cells were plated in 10-cm tissue culture dishes. After 24 h, the cells were detached with trypsin, suspended in fresh medium, and transfected in triplicate with Lipofectamine 2000 reagent (Invitrogen), using the 1-day protocol in which suspended cells are added directly to the DNA complexes in half-area 96-well plates. For each transfection the following was added to each well: 25 ng of plasmid DNA, 0.2 l of Lipofectamine 2000 in 25 l of OptiMem (Gibco). 4 ϫ 10 4 cells in 50 l of DMEM were added to the transfecting DNA complexes in each well. Transfected cells were incubated at 37 C in 5% CO 2 for 20 h and assayed using the Dual-Luciferase assay. For the polyamine manipulation protocol, cells were grown in the presence of 2.5 mM difluoromethylornithine (DFMO) for 5 days prior to transfection. After the incubation with DFMO, the cells were transfected using the protocol described above. 4 ϫ 10 4 cells in 25 l of DMEM, grown in the presence of 2.5 mM DFMO, were added to the transfecting DNA complexes in each well. Transfected cells were incubated at 37 C in 5% CO 2 for 24 h. After 24 h, 50 l of fresh medium was added containing 1 mM aminoguanidine, 2.5 mM DFMO, and either no polyamines or polyamines to achieve final concentrations specified by experimental requirements. The cells were incubated for an additional 20 h before being assayed.
Dual-Luciferase Assay-To measure the frameshifting efficiency of antizyme mRNA cassettes, a Dual-Luciferase assay was employed. Relative light units were measured on a Veritas microplate luminometer fitted with two injectors (Turner Biosystems). The firefly and Renilla luciferase assay buffers were prepared as described (52) . Transfected cells were washed once with 1ϫ PBS and then lysed in 12.6 l of 1ϫ passive lysis buffer (Promega), and light emission was measured following injection of 50 l of each luciferase substrate buffer. The product of the upstream Renilla luciferase gene reflects zero-frame translation. Synthesis of the downstream firefly luciferase is dependent on frameshifting when the ORF1 stop codon is in the ribosomal A-site. Therefore, for each data point firefly translation activity was normalized relative to the Renilla activity. The data were obtained from three independent transfection experiments each performed in triplicate. The nine data points for each construct were averaged, and standard deviations calculated. The frameshifting efficiency (calculated as a percentage) is obtained by comparing firefly to Renilla activity ratio of each antizyme cassette to its corresponding in-frame control cassette. Where statistical significance was calculated, an unpaired two sample t test with two tailed distribution was applied.
S. pombe Strains and Culture-S. pombe WT strain h-s leu1-32 ura4 ade6-210 was used in these experiments. Plasmids were prepared from E. coli strain DH5-␣ and were transformed by a standard electroporation protocol. Edinburgh minimal medium, complete medium supplement, and complete medium supplement without uracil were all purchased from Sunrise Science Products (San Diego, CA).
Assay of ␤-Galactosidase Activity in S. pombe-The method used to assay the ␤-galactosidase activity in S. pombe was based on that described by Guarente (53) . For each experiment, three single colonies of each construct were analyzed. The experiments were performed in two or three independent replicas. As for the Dual-Luciferase assay, the frameshift efficiencies were calculated as percentage by comparing the activities of the antizyme cassettes to the activities of their corresponding in-frame controls.
In Vitro Transcription-Capped and polyadenylated mRNAs were transcribed in vitro by T7 RNA polymerase (54) using DNA fragments generated from two rounds of PCR (see list of PCR primers). The yield of RNA was quantified using ImageQuantTL by comparison to known amounts of standard markers using ethidium bromide-stained agarose gels imaged with a GE Typhoon Trio instrument. Plasmid pPR301 was linearized with EcoRI to use as template for mRNA synthesis (54) .
Primer Extension Inhibition (Toe Print) Assays-For toeprinting Neurospora crassa ribosomes in cell-free extracts that were synthesizing nascent peptides containing the partial antizyme domain, translation reaction mixtures (10 l) supplemented with 0, 10, or 50 M of spermidine were programmed with 60 ng of mRNA and incubated at 26°C for 10 min. As controls, Luc mRNA containing wild type AAP uORF was translated in the presence of 10 M or 2 mM Arg. Cycloheximide was added to translation reactions at a final concentration of 0.5 g/l before the incubation started or at the end of the incubation. Toe-print assays were performed as described (55) . Toeprinting assay in rabbit reticulocyte lysate (RRL) was carried out as described (56) . Briefly, in vitro transcribed mRNAs were incubated either in RRL supplemented with 15 mM MgCl 2 to block both initiation and translation or in RRL-pretreated with cycloheximide, to block elongation but to allow 80S complex formation. Alternatively, RRL was treated with cycloheximide after 5 min of incubation with mRNA to block ongoing translation. Reverse transcription was then carried out with radioactively labeled oligonucleotide, and cDNA products were resolved on sequencing gel.
Results
Intending to probe putative regulatory cis-acting sequences using a comparative genomics approach, we assembled sequences from additional Basidiomycota species (see "Experimental Procedures"). The current present set contains 55 such antizyme mRNA sequences (Fig. 2) . One of the sequences was partial and was used only for the analysis of the 5Ј conserved region.
Comparative Sequence Analysis of the 5Ј Conserved Region-Comparison of the 55 Basidiomycota sequences from the current set revealed that the 5Ј conserved element was present in FIGURE 2. Conservation of antizyme mRNA sequences from Basidiomycota, and their encoded products. A, an alignment of 35 ORF1 antizyme mRNA sequences was used to generate the nucleotide and amino acid logos shown here. Of these sequences, 34 belong to Agaricomycetes, and 1 belongs to Dacrymycetes (supplemental Sequence List S1). Starting from the 3Ј end of the nucleotide logo indicated are the ORF1 stop codon, the shift site, the sequence of module A, and the conserved peptide encoding region. Other conserved features more distal to the shift site, such as a conserved dipeptide and a conserved 5Ј stem loop, are also indicated. The gaps in the logos indicate that each nucleotide or amino acid residue occurs with equal probability at the corresponding position. B, alignment of 54 Basidiomycotal antizyme mRNA sequences 3Ј of the shift site. The region shown here contains the conserved 3Ј RNA structure. The nucleotide variations in loop 2 are highlighted in green. The correct reading frame is indicated in the first sequence of the alignment. The absolutely conserved four nucleotide sequence abutting stem 1 are shown in magenta. Completely conserved nucleotides are indicated by an asterisk below the alignment. The four sequences of the Tremellomycetes class that lack the potential RNA structure were left uncolored and were not taken into account when analyzing the alignment. The underlined names are of the sequences used for the alignments in Fig. 2A . The scheme of the phylogenetic tree was adapted from the work of Floudas et al. (41) and is not intended to indicate precise evolutionary distances and scales. P.taeda* refers to an EST derived from a Pinus taeda library that is an Agaricomycetes contaminant of unknown identity. Dacryop.** stands for Dacryopinax sp. C, the predicted secondary structure of the putative RNA stimulator, inferred from the alignment, featuring the C. cinerea mRNA sequence; the coloring corresponds to that of the alignment. all 34 sequences from Agaricomycetes class, as well as in one sequence from class Dacrymycetes of Agaricomycotina. Antizyme sequences from the class Tremellomycetes of Agaricomycotina, as well as all the sequences of species outside of Agaricomycotina subphylum, did not show similarity at the amino acid level in the vicinity of the shift site and were excluded from further analysis of the 5Ј sequence. Consequently the 35 antizyme sequences were employed for the current analysis of the 5Ј conserved element ( Fig. 2A and supplemental Sequence List S1). The sequence from Dacryopinax sp. class Dacrymycetes represents the maximum sequence divergence. Nucleotide and amino acid sequence alignments were used to generate respective sequence logos for ORF1 ( Fig. 2A ). All Agaricomycete antizyme mRNA sequences analyzed plus the sequence from Dacrymycetes have the frameshift site UUU-UGA.
Analysis of the 35 sequences confirms the previous observation that within the region 5Ј adjacent to module A, there is high conservation at the peptide level ( Fig. 2A ) accompanied by synonymous substitutions in the corresponding codons at their third positions (note downward pointing arrows in the third line in Fig. 2A ). The situation with module A itself is considered below. Additional conservation, previously unnoticed, is observed further upstream. Prominent among the other conserved features in ORF1 are two adjacent codons, encoding absolutely conserved Ala and Val, which show a high rate of synonymous substitutions. Another feature contained within the first half of ORF1 is a region of ϳ50 nucleotides, 29 of which are absolutely conserved. This region appears conserved at the nucleotide level, and the most conserved nucleotides potentially form an RNA stem with 14 base-pairs and predicted stability of at least 30 kcal/mol ( Fig. 2A) .
Comparative Analysis of the 3Ј RNA Putative Stimulatory Structure-The new analysis revealed that a 3Ј structure that is homologous to the one identified in Agaricomycotina can be formed in a number of antizyme mRNA sequences belonging to two other subphyla of Basidiomycota. The broad distribution of this putative stimulator suggests its importance in many antizymes from Basidiomycota. 54 antizyme sequences having the first 72 nucleotides of ORF2 were aligned to show the conservation in the region encoding the putative secondary structure (Fig. 2, B and C, and supplemental Sequence List S2). Antizyme sequences from the class Tremellomycetes of Agaricomycotina (e.g. the "yeast-like" human pathogen Cryptococcus neoformans) did not seem to possess similar structure folding potential and were excluded from further analysis of the 3Ј putative structure (Fig. 2B) .
The 3Ј structure in subphyla Ustilaginomycotina and Pucciniomycotina is similar to the one already published for Agaricomycotina (Fig. 2, B and C) . There are extensive co-variant changes in stem 2. Stem 2, especially in antizyme mRNAs from Ustilaginomycotina and Pucciniomycotina, has several bulged nucleotides or nucleotide mismatches. No mismatches and very few co-variations are present in stem 1 from Agaricomycetes, but the sequences from non-Agaricomycotina species show numerous co-variations. In all the sequences but one, there is no break in base-pairing at the junction between stem 1 and stem 2, which is consistent with the previous suggestion that they may co-axially stack on each other.
All examined Basidiomycota sequences possessing the putative RNA structure contain the absolutely conserved four-nucleotide sequence AAAU abutting the 5Ј end of stem 1. The corresponding region appears to be unstructured but might be part of unconventional ternary interactions.
The sequence of loop 1 is highly variable, both in composition and length. It can be as short as 3 nucleotides, as in Piriformospora indica, or as long as 28 nucleotides, as in Fomitiporia mediterranea. By contrast, the sequence of loop 2 is the most highly conserved region within the potential 3Ј structure. Six of the seven nucleotides that comprise the loop are absolutely conserved. The loop has features, suggesting that it may exist in something other than a single-stranded state (9, 36) similar to previously published RNA triloop structures (57) .
Experimental Analysis: Polyamine Levels and Degree of Relevance of Sequence Flanking the Putative Nascent Peptide Encoding Signal-Previously our lab developed a protocol for a fine manipulation of the polyamine levels in mammalian HEK293T cells (46) . The lowest polyamine levels were achieved by pretreatment of HEK293T cells with DFMO, which is an irreversible inhibitor of ornithine decarboxylase (58) . DFMO pretreatment, combined with adding polyamines to the media, allows controllable manipulation of free polyamine levels (46) . Based on preliminary titration experiments with spermidine (SPD) (data not shown), three data points were chosen for most experiments presented here: DFMO treatment alone, DFMO plus 50 M SPD, and DFMO plus 2 mM SPD.
We designed frameshift cassettes based on the sequence of C. cinerea antizyme mRNA that were cloned between Renilla and firefly luciferase with antizyme ORF1 in-frame with Renilla and firefly in-frame with antizyme ORF2 (Figs. 3 and 4) . The WT cassette contained the full sequence of both ORFs. The antizyme sequence in a construct termed ShortWT starts at the 5Ј end of the putative nascent peptide encoding sequence and extends to the 3Ј end of the conserved RNA structure 3Ј of the frameshift site ( Figs. 3 and 4 ).
In the context of the WT cassette, deletion of sequence from the 3Ј end of ORF2 up to that specifying the 5Ј end of the structure 3Ј of the shift site (WT 3Ј STR DEL) yielded 19.7% frameshifting efficiency with DFMO plus 50 M SPD treatment. This resulted in 1.9-fold reduction compared with WT levels (38%) (Fig. 4) . Also in the context of the WT cassette, a deletion from the 5Ј end of ORF1 to the 3Ј nucleotides of the region encoding the putative nascent peptide signal (WT NP DEL) yielded 3.2% frameshifting efficiency with DFMO plus 50 M SPD treatment. This is a 12-fold reduction compared with WT.
In the context of ShortWT, the corresponding deletion of the structure 3Ј of the shift site (3Ј STR DEL) or of the putative nascent peptide encoding sequence (NP DEL) were tested with DFMO plus 50 M SPD treatment, yielding frameshifting levels of 13 and 1.8%, respectively. Compared with their control, in this case ShortWT, these levels involve the same reduction, 1.7and 12-fold, as their counterparts in full-length WT context ( Fig. 4 ). (The frameshifting efficiency of ShortWT is 22%.) The results suggest that the region specifying both the putative nascent peptide signal and the 3Ј RNA structure has the same capacity to enhance frameshifting levels in the context of fulllength WT and ShortWT. The sequence used in the scheme is that of C. cinerea antizyme mRNA. Shown from the left are the ORF1 start codon, a conserved putative RNA structure occurring 106 nucleotides 5Ј of the shift site, the putative nascent peptide signal shown in a box, the module A sequence, shift site, and ORF1 stop codon. 19 nucleotides 3Ј of the shift site, a conserved putative 3Ј RNA structure was previously identified. Below, extent of the sequence present in six antizyme constructs used in this study. FIGURE 4 . Establishing the boundaries of the 5 and 3 stimulatory elements of C. cinerea antizyme mRNA from tests in HEK293T cells. The WT construct contains the full-length ORF1 and ORF2 of the C. cinerea antizyme mRNA. The WT 3Ј STR DEL construct contains full-length ORF1 but has a deletion starting 19 nucleotides 3Ј of the shift site that includes the putative 3Ј RNA structure. The WT NP DEL construct has a full-length ORF2, but the sequence encoding the conserved nascent peptide was deleted, leaving intact the sequence of module A and the shift site. The ShortWT construct contains the last 42 nucleotides of ORF1 including the sequence encoding the conserved nascent peptide, the sequence of module A, and the shift site, plus the first 64 nucleotides of ORF2 including the putative 3Ј RNA structure. 3Ј STR DEL construct is a derivative of ShortWT with the region encoding the putative 3Ј RNA structure deleted. NP DEL construct is another derivative of ShortWT in which the sequence encoding the putative nascent peptide signal was deleted. All constructs were tested in three conditions: DFMO treatment (black bars), DFMO treatment plus 50 M SPD (gray bars), and DFMO treatment plus 2 mM SPD (light gray bars).
However, the absolute frameshifting efficiency values of WT and its derivative constructs WT 3Ј STR DEL and WT NP DEL were higher than that of ShortWT and its derivative constructs 3Ј STR DEL and NP DEL, respectively. In addition, the fold difference was dependent on polyamine concentrations. When comparing WT and ShortWT FS efficiencies, with DFMO treatment alone a reduction of 3.1-fold was observed. Treatment with DFMO plus 50 M SPD and DFMO plus 2 mM SPD resulted in a 1.7-and 1.2-fold reduction, respectively (Fig. 3,  compare WT and ShortWT) . The results suggest that there are additional stimulatory elements other than the regions encoding the putative nascent peptide signal and the conserved 3Ј RNA structure, which are not present in ShortWT. A detailed exploration of proximal and distal stimulatory elements is outside the scope of the present study, which focuses mainly on the effect of the putative nascent peptide signal on frameshifting in the context of ShortWT.
One of the additional frameshift cassettes based on ShortWT had both regions encoding the putative nascent peptide signal and the 3Ј RNA structure deleted but retained module A (5Ј of the shift site), the shift site, and 19 nucleotides 3Ј of the shift site ( Fig. 5A, NPϩSTR DEL) . This yielded 0.4% frameshifting with DFMO ϩ 50 M SPD treatment, which is a 57-fold reduction compared with ShortWT ( Fig. 5B ). With the same treatment, a derivative of ShortWT in which the sequence of module A was substituted with its complement yielded 0.6% frameshifting, a 38-fold reduction (Fig. 5, A and B, MOD A) .
To obtain the frameshift efficiencies of the ShortWT and its derivatives in cells with endogenous polyamine concentrations, we tested the cassettes from Fig. 5A , as well as the 3Ј STR DEL cassette from Fig. 4 in mammalian HEK293T cells where the polyamine levels were not manipulated (Fig. 5C, left) . ShortWT yielded a frameshift efficiency of 26%, and its derivative with the 3Ј RNA structure deleted yielded a frameshift efficiency of 13% ( Fig. 5C, 3Ј STR DEL) . NPϩSTR DEL and MOD A exhibited greatly reduced frameshift efficiencies: 0.8 and 0.5%, respectively (Fig. 5C ).
The frameshifting levels with ShortWT and its derivatives tested in cells treated with DFMO ϩ 50 M SPD closely matched the frameshifting levels obtained in HEK293T cells with endogenous polyamine levels (Fig. 5, B and C) . This observation suggested that the DFMO ϩ 50 M SPD treatment brings free intracellular polyamines close to their endogenous levels. In addition, DFMO ϩ 50 M SPD supported the greatest difference in frameshifting efficiency between ShortWT and its derivative constructs.
The mammalian HEK293T cell culture is a heterologous system for the analysis of regulatory frameshifting in the decoding of fungal antizyme mRNAs. The ShortWT and its derivative frameshift cassettes (Fig. 5A) were also fused to the ϩ1 frame of lacZ and transfected in S. pombe cells. When tested in S. pombe, ␤-galactosidase assays extrapolate to 16.5% frameshifting with the ShortWT (Fig. 5C, right) (compared with 26% in HEK293T cells). Deletion of the 3Ј RNA structure in 3Ј STR DEL yielded 4.4% frameshifting efficiency, a 3.75-fold reduction compared with ShortWT. As with HEK293T cells, the two other constructs, NPϩSTR DEL and MOD A, exhibited dramatically reduced frameshifting efficiencies: double deletion of the puta-tive nascent peptide encoding signal and the 3Ј RNA structure produced a 22-fold reduction with frameshift levels of 0.74% (Fig. 5C, NPϩSTR DEL) . In the ShortWT derivative, changing the module A sequence to its complement yielded a 25-fold reduction with frameshift levels of 0.67% (Fig. 5C, MOD A) .
The Putative Nascent Peptide Signal-To probe the effect of the putative nascent peptide signal, the sequence encoding it was either deleted (NP DEL) or placed out of frame by deleting one nucleotide in the beginning of the sequence and inserting one nucleotide after it (NP OF) (Fig. 5A) . Both alterations were done in the context of ShortWT, i.e. retaining the previously identified structure 3Ј of the shift site. They were tested in mammalian cells and S. pombe. Corresponding great reductions, 9-and 13-fold for NP DEL and 18-and 26-fold for NP OF, in frameshift levels were observed in the two systems, respectively (Fig. 5C ). A similar effect was observed in HEK293T cells with manipulated polyamine levels, with the greatest fold difference being obtained with DFMO ϩ 50 M SPD (Fig. 5B) .
To further test whether the phylogenetically conserved 5Ј stimulator within ShortWT functions at the amino acid or nucleotide levels, an additional cassette was generated. In this construct, NP SYN, the sequence of the encoded peptide was preserved, but the nucleotide sequence encoding it was altered at the third base of 11 codons by introducing synonymous substitutions. ShortWT, NP Del, NP OF, and NP SYN were then tested in a SPD titration experiment. Synonymous substitutions had little effect on frameshifting efficiencies compared with ShortWT through most SPD supplementation concentrations tested (Fig. 6A) . Even in the SPD concentration range where there was some difference (10 -500 M), the frameshifting efficiencies of NP SYN were closer to ShortWT than to NP DEL or NP OF. Complete deletion of the sequence (NP DEL) and its out of frame variant (NP OF) resulted in similar greatly reduced frameshifting efficiencies throughout the concentration gradient. These results provide further evidence that high frameshifting efficiency depends on the peptide sequence (nascent peptide signal) rather than on its encoding nucleotide sequence. The greatest difference in FS efficiency between wild type or synonymous cassettes and those with altered peptide sequence was observed with intermediate SPD concentrations. This is illustrated by plotting the ratio of ShortWT to NP DEL frameshifting levels. This ratio was ϳ5 at the lowest concentrations of spermidine and peaks at ϳ19 with cells treated with DFMO and supplemented with 1 to 50 M spermidine. It then declines at the highest concentrations of SPD (Fig. 6A) . Interestingly, the position of the peak coincided with the range of spermidine supplementation that corresponds to endogenous levels of free polyamines in HEK293T cells.
Titration experiments with another main cellular polyamine, spermine, and with putrescine, were also performed. The peak of the ratio of ShortWT to NP DEL frameshifting levels with spermine was at DFMO plus 1-2.5 M spermine, and with putrescine, it was at DFMO plus 2.5 M putrescine (Fig.  6, B and C) .
The contribution of individual amino acids of the nascent peptide to the stimulatory effect on frameshifting was assessed by testing three series of constructs. In an alanine scan series, each codon of the conserved peptide sequence (from position Ϫ15 to Ϫ5) was sequentially replaced with an alanine codon (each had an in-frame control). None of the individual alanine substitutions produced a dramatic effect on frameshifting efficiency, suggesting that amino acid identity at any one position is not crucial (Fig. 7A ). The second, or deletion, series of constructs had a sequentially increasing number of codons from Ϫ15 to Ϫ2 deleted. In the third, or out of frame, series, increas-ing one-codon increments from Ϫ15 to Ϫ2 of the nascent peptide encoding sequence were put out of frame. This was accomplished by deleting one U nucleotide at the 5Ј end of the sequence and adding one U nucleotide at the 3Ј end of each increment. The results from the series of deletion and out of frame constructs are consistent with those from the alanine scan and indicate that the effect of residue deletion/alteration is Fig. 4 . The nucleotide sequences of module A and the shift site are indicated. The amino acid sequence of the putative nascent peptide signal (box) is shown instead of the nucleotide sequence encoding it. The NPϩSTR DEL construct has both sequences encoding the putative nascent peptide signal and the 3Ј RNA structure deleted so that it contains only the 30 nucleotide sequence surrounding the frameshift site. The MOD A construct has the sequence of module A changed to its complement; the altered sequence is in red. The NP OF construct has the sequence coding for the nascent peptide put out of frame by deleting a nucleotide (U) at the 5Ј end of the sequence and inserting a nucleotide (G) at its 3Ј end. The altered nascent peptide sequence is boxed in gray. B, frameshift efficiencies of ShortWT and its derivative constructs tested in HEK293T cells treated with DFMO and supplemented with spermidine (SPD). The constructs were tested in three conditions: DFMO treatment only (black bars), DFMO treatment plus 50 M SPD (gray bars), and DFMO treatment plus 2 mM SPD (light gray bars). C, frameshift efficiencies of ShortWT and its derivative constructs tested in HEK293T cells (left) and S. pombe (right) where the polyamine content was not manipulated. cumulative, with progressive deletions yielding greater reductions of frameshifting efficiency (Fig. 7, B and C) . Interestingly, the effect of the peptide alterations on the sensitivity of frameshifting to spermidine level is different with the different concentrations of SPD supplementation tested. At the highest concentration of SPD, the frameshift site preserved a near maximum efficacy when the first eight amino acid residues were altered. By contrast, under conditions mimicking endogenous polyamine levels (DFMO ϩ 50 M SPD) and under low polyamine concentration (DFMO only), frameshifting was significantly reduced with as few as the first three amino acid residues being altered (Fig. 7, B and C) . Deletion or out of frame muta-tions that encroach on module A result in dramatic reduction of frameshifting efficiency, especially under condition of DFMO treatment plus 50 M SPD supplementation.
Nascent Peptide Signal and Its Relationship to Module A-To elucidate the effect of module A on frameshifting stimulation, two constructs with altered module A sequence were tested. The peptide signal encoding sequence is unaltered in MOD A in which module A sequence was substituted with its complement. In construct NP OFϩMOD A, in addition to the module A substitution, the sequence of codons Ϫ15 to Ϫ5 that encode the nascent peptide signal, is placed out of frame. When tested under the three SPD supplementation conditions, frameshifting efficiencies, with both NP OFϩ MOD A and MOD A constructs, were dramatically lower compared with those with ShortWT or NP OF (Fig. 8A ). This suggests that the peptide sequence alone is insufficient for high levels of frameshifting or conversely that module A is essential for efficient frameshifting.
To investigate whether module A extends 7 nucleotides 5Ј of the frameshift site, as previously suggested (36), we designed three constructs introducing nucleotide substitutions within the codon at position (Ϫ4) relative to the stop codon. The third nucleotide position in this codon, a G nucleotide, is the first nucleotide of module A, as proposed (36) . In the GGG(Ϫ4)GGC cassette, the third nucleotide of this codon was changed from the wild type G to C, a substitution that preserved the identity of the encoded amino acid (Gly). The other two constructs tested at the same time have Glu at position (Ϫ4); however, in the GGG(Ϫ4)GAG construct, the Glu was encoded by a GAG codon, whereas in GGG(Ϫ4)GAA, it was encoded by a GAA codon. We chose to substitute the native (Gly) with (Glu), because in at least two mushroom antizyme mRNAs, the naturally occurring codon at position Ϫ4 is GAG Glu instead of GGG Gly. This amino acid change does not change the identity of the nucleotide at position 3. With SPD supplementation mimicking endogenous levels of polyamines, the construct GGG(Ϫ4)GAA yielded a frameshifting efficiency closer to that of the GGG(Ϫ4)GGC construct, whereas the construct GGG(Ϫ4)GAG yielded a frameshifting efficiency similar to that of ShortWT (Fig. 8B) . The results suggest that the identity of the nucleotide at position 3 of codon Ϫ4 is more important than the identity of the amino acid encoded, consistent with it being part of the nucleotide specific module A. The nucleotides in the 5Ј adjacent codon, UGG (Trp), cannot be changed without changing the amino acid identity at this position and so precluding this type of analysis.
The codon at position Ϫ2 was altered to test whether it functions at the nucleotide or amino acid levels. Cassettes CGU(Ϫ2)CGA and CGU(Ϫ2)AGA introduced one and two nucleotide substitutions, respectively, but both encode Arg, which is the wild type amino acid at that position (Ϫ2). Both constructs yielded reduced frameshifting levels with the one having two nucleotide substitutions exhibiting a greater reduction (Fig. 8B) . The greatest effect was seen with DFMO ϩ 50 M SPD supplementation: frameshifting was reduced to 60% (CGU(Ϫ2)CGA) and 36% (CGU(Ϫ2)AGA) of ShortWT. We also tested the construct CGU(Ϫ2)UGG, which has two nucle- otide substitutions that change the identity of the original Arg to Trp. This is a naturally occurring variation at codon (Ϫ2) in some Basidiomycotal antizyme mRNAs. Curiously, this alteration did not change the wild type FS levels.
Finally, we tested the potential of the stimulatory nascent peptide and module A in ShortWT context to cause a pause that is detectable using a toe-printing assay in N. crassa extracts (59) . The positive control was the AAP encoding sequence in the presence or absence of externally added Arg (4) ( Fig. 9) . Stalling was not observed with the antizyme cassette under the conditions tested. Toe-printing with the 3Ј STR DEL construct and its derivative with the U of the stop codon deleted in RRL gave a similar result (Fig. 10 ).
Discussion
Nascent Peptide-The results provide experimental and further phylogenetic evidence for a nascent peptide stimulator of Agaricomycetes antizyme mRNA ϩ1 frameshifting. When the sequence encoding the 11-amino acid peptide (encoded Ϫ15 to Ϫ5 codons 5Ј of the shift site) is placed out of frame, frameshifting is reduced similarly to that of a complete deletion. In contrast, compared with wild type, introducing 11 synonymous nucleotide changes in the same region had a small effect on frameshifting. Serial 5Ј deletions, out of frame mutations, and an alanine scan ( Fig. 7) suggest that the contribution of the amino acids to the effect is cooperative with no single amino acid being crucial for the stimulatory effect. In contrast to the nascent peptide signal effects in S. cerevisiae, the peptide signal described here acts within the ribosome mediating the frameshift event. The 11-amino acid-long peptide signal is expected to occupy approximately one-third of the peptide exit tunnel. It is longer than MAGDIS, the hexapeptide product of the inhibitory uORF in mammalian AdoMetDC mRNA (60) , but substantially shorter than the nascent peptide signal responsible for StopGo/Stop-Carry on (61) . Atomic level structure analysis of S. cerevisiae ribosomes reveals a constriction in the exit tunnel (62) , that is, the counterpart of that in bacteria at which SecM works; in bacteria, this is approximately one-third of the way into the tunnel from the PTC. Because of positioning of the Agaricomycete nascent peptide signal beginning 3 amino acids distant from the peptidyl transferase center (PTC) at the time of frameshifting, it may span the constriction likely also present in its ribosomes.
Small molecules, other than polyamines, can influence nascent peptide effects more generally within the peptide exit tunnel, and an increasing number of examples are known where a specific nascent sequence in the exit tunnel causes a ribosome stall in eukaryotes (63, 64) and in bacteria (65, 66) . In some cases (67) , the ribosome stalling occurs just prior to, or during, the decoding of a stop codon in the ribosomal A site, such that termination is inhibited. Because frameshifting and other recoding events are in competition with standard decoding, inhibition of the standard decoding step should push the equilibrium toward the recoding event (68) .
The results from the toe-printing assay could reflect instability of the particular stalled complex involved, even though the counterpart paused complex in the positive control was stable. However, it is more likely that at the sensitivity of the assay, no detectable pausing occurs. The peptide effect might not be due to ribosome stalling. If so, it would be conceptually similar to one case in bacteria recently identified where ketolides promote Ϫ1 frameshifting when translating the leader peptide that results in activation of the translation of the downstream gene (6) . Recently highly sensitive single-molecule fluorescence has been applied to study the dynamics of a 5Ј stimulatory element on bacterial Ϫ1 frameshifting (69) . As FRET approaches are developed for counterpart studies in eukaryotes, much more refined step time data should be forthcoming. Knowledge of the likely noncanonical ribosome states in antizyme frameshifting are likely from such studies and other approaches, especially cryo-electron microscopy.
The results presented here suggest that the role of the Agaricomycetes nascent peptide stimulators, presumably via interaction with exit tunnel components, is not simply to increase the efficiency of frameshifting but also to contribute to making the process especially sensitive to intracellular free polyamines at their endogenous levels. This is a novel feature for the function of cis-acting sequences in antizyme mRNA frameshifting.
Polyamine Level-Previous analyses of cis-acting stimulators of frameshifting in antizyme genes were usually performed in a way that only examined their effect in two extreme conditions with regard to polyamine concentrations: cells depleted for polyamines and supplemented with the highest dose of polyamines. This approach fails to investigate what function the cis-acting stimulators have in intermediate concentrations of polyamines closer to their endogenous levels. When a spermidine titration experiment was performed with a wild type construct and three mutant constructs affecting the nascent peptide stimulator, a significant result was observed. The mutant constructs that substituted the amino acid sequence of this region had greatly reduced frameshifting efficiencies as compared with wild type and synonymous cassettes. This effect was especially pronounced at intermediate polyamine concentrations, which stimulated the wild type and the synonymous mutant cassette, far more than the two mutants that change the amino acid sequence of the nascent peptide (Fig. 6A) . The point on the titration experiment where the difference in stimulation was greatest coincides with the DFMO ϩ polyamine supplementation that induces frameshifting levels in ShortWT close A, NPϩMOD A construct combines an out of frame nascent peptide encoding sequence and a module A sequence that is the complement of its WT. B, frameshifting efficiencies with ShortWT and its derivative cassettes with nucleotide substitutions in the codons at positions Ϫ4 or Ϫ2. The GGG(Ϫ4)GAG and GGG(Ϫ4)GAA constructs have the glycine codon (GGG) at position Ϫ4 changed to the glutamate (GAG) or (GAA) codon, either by one or two nucleotide substitutions, respectively. The GGG(Ϫ4)GGC cassette has the third G nucleotide of that codon changed to C. In the CGU(Ϫ2)CGA construct, the third nucleotide (U) in the CGU (Arg) codon at position Ϫ2 is changed to an A. CGU(Ϫ2)AGA has two nucleotide changes that, however, do not alter the encoded amino acid (Arg). In the CGU(Ϫ2)UGG construct, the CGU (Arg) codon at position Ϫ2 is changed to UGG (Trp) codon.
to 22%. This is very close to the frameshifting observed with the same sequence in untreated cells. In other words, the difference in response to polyamines between mutant cassettes that do or do not encode altered peptide sequence is greatest under conditions that most closely mimic endogenous levels of free polyamines. This suggests that the sensor function of the nascent peptide stimulator is physiologically relevant. The potential for differential affinity sites for polyamine binding with contrasting effects on frameshifting makes it likely that discerning the mechanism will not be a simple task.
Module A-One of the 5Ј stimulators of antizyme frameshifting, apparently present in at least most antizyme homologs other than antizyme 3 (39, 70) , is a sequence of six to seven nucleotides immediately abutting the shift site. At the time of the frameshifting, the 5Ј adjacent codon to the shift site UUU_U would be in the E-site or in transit. Prior studies with different types of frameshifting have shown the importance of E-site codon interactions in some cases (71) (72) (73) . In Agaricomycete antizyme mRNA, the E-site codon position with the greatest variability is definitely the third position ( Fig. 2A) . Experimentally changing the CGU (Arg) to CGA (Arg) or AGA (Arg) reduced frameshifting at all polyamine concentrations tested, with two changes leading to more severe reduction (Fig. 8B) . In some Basidiomycotal antizyme mRNAs, outside of the Agaricomycetes lineage, there is a natural variation at the same codon, Ϫ2, that replaces the CGU Arg with UGG Trp. Substituting CGU with UGG, involving the same two codon positions did not reduce frameshifting at any of the polyamine concen- trations tested (Fig. 8B) . This is consistent with the overall strength of E-site codon:anticodon, irrespective of individual nucleotide position, being relevant but is a weak inference.
Changing codon Ϫ4 from GGG (Gly) to GAG (Glu) had no effect on the efficiency, but changing it to GAA (Glu) resulted in a 40% reduction and to GCG (Ala) had a 50% reduction. These data raise the possibility that the encoded amino acid may have an effect in the peptide exit tunnel, and the nucleotide sequence may have an effect with the mRNA exit tunnel, perhaps even in interactions with rRNA.
Mutating module A to its complementary sequence had a similar effect on polyamine stimulation across the titration gradient as seen with the nascent peptide mutants. Although the number of data points was limited (Fig. 8A ), this suggests that module A too could be involved in sensitizing the shift site to polyamines in their endogenous level range. As introduced above, module A is widely evolutionarily conserved, and its original likely predates that of the nascent peptide signal in Agaricomycetes, which has a restricted range. Although module A and the nascent peptide signal work at the same time, it may well be that future work will reveal instances of programmed frameshifting where the only 5Ј/5Ј encoded stimulator is a nascent peptide signal. The involvement of nascent peptide signals in stop codon readthrough, a different class of recoding, is also to be expected.
Perspective-The experiments examining the mode of function of the conserved elements in Agaricomycetes antizyme mRNAs revealed that in addition to their stimulatory effect on the frameshift efficiency, these elements seem to sensitize the frameshift site for polyamines, especially in the range of their endogenous concentrations. This model provides an example for how the cis-acting elements in antizyme mRNAs could exert their function. 
